We consider the electronic transport in bounded semiconductors in the presence of an external magnetic eld. It is shown that the distribution of the carrier temperature in the sample plays an important role, both qualitatively and quantitatively, in the study of magnetoresistance in semiconductors. Taking into account appropriate boundary conditions for the current density at the contacts and for the electron distribution temperature at the surface of the sample, a change in the magnetoresistance of bulk semiconductors is found as compared with the usual theory of galvanomagnetic e ects in boundless media.
alter signi cantly the usual theory of galvanomagnetic e ects developed for boundless media and conducting channels. 72.10.Bg, 72.20.My, 73.50.Jt Typeset using REVT E X I. INTRODUCTION Recently, 1 the magnetoresistance in bounded semiconductors has been studied taking into account appropriate boundary conditions at the contacts. As a result a change in the magnetoresistance is found as compared with the usual theory of galvanomagnetic e ects in boundless media. Even when the relaxation time is independent of the electron energy magnetoresistance is not vanish for isotropic semiconductors (" = p 2 =2m). It is well known that the magnetoresistance in conventional theory appear because the relaxation time is usually electron energy dependent. 2 For this situation the electron (T e ) and phonon (T ph ) temperature distributions are in general di erent, 3 so that the galvanomagnetic e ects are strongly a ected in this case.
Size-dependet contributions into the magnetoresistance of an isotropic semiconductor in presence of an external static electric E x and a transverse magnetic B y elds have been discussed in Ref. 3 . In such systems bounded along the z-axis, the magnetoresistance is nonzero when the collision frequency depends on the electron energy. In this case the electron temperature gradient arises due to the fact that the magnetic eld acts in a di erent way on carriers of di erent mobilities. 3 In the transverse direction (z-axis) carriers with higher mobility travel preferentially to one of the surfaces. The important result is the accumulation of high energy carriers (hot electrons) whose energies are above the average electron energy near one of the surfaces. The cold electrons accumulate near the opposite surface. The magnitude of the electron temperature distribution is a ected strongly by the rate of heat transfer between the electrons and the lattice or the ambient medium near the surface at z = b. Under adiabatic conditions (the electron system is thermally insulated on the surfaces which are ortogonal to the direction of the temperature gradient) the temperature gradient which results from the sorting of carriers in accordance with their energy in crossed electric and magnetic elds represents the Ettingshausen e ect. This e ect is caused by the heating and cooling by carriers on the opposite surfaces of the sample.
In case when the sample has a nite size and the electron system is not thermally insulated on the surfaces, an additional mechanism for energy relaxation of carriers at the surface characterized by the parameter (the surface electron heat conductivity) comes into play. The parameter is expressed in terms of the density of the heat ux carried by electrons to the walls. As a result, the distributions of the electric eld and electron temperature (T e 6 = T ph ) have to be considered.
Thermal size e ects for semiconductors of nite size in all directions only in presence of a weak electric eld were taken into account to consider the electronic transport. 4 This leaded to the nonlinear contribution due to the nite size of the sample into the average x-component of the current. In case when the dimension of the sample in the x direction is very large the sign of this nonlinear contribution due to the nite size along the z-axis is opposite to that of the corresponding term to the conventional approach. 3 Also, the total nonlinear contribution is not negligible in the limit when the dimension in the z direction is very small.
In this work we extend quantitatively the analysis of magnetoresistance in bounded (in all directions) semiconductors developed in Refs. 3 and 4, so that incorporate the thermal e ects. In presence of weak electric and magnetic elds, the temperature gradient occurs when the relaxation time of the carriers depends on their energy. This is due to the fact that the magnetic eld acts in a di erent way on carriers of di erent mobility. The analysis shows that it should be possible to observe an interesting electronic transport phenomenon caused by the electric eld and electron temperature distributions. In particular, the existence of the boundary conditions for the heat ux and potential at the surfaces, leads to a change in the magnetoresistance in the limit of an in nite system. This result comes from the dependence of the x component of the electric eld on the magnetic eld which is indicated by the term proportional to (! H ) 2 , where ! H is the cyclotron frequency. This term is nite when the dimensions of the sample are very large, and it compensates the geometrical contribution of the magnetoresistance. 5 Such a remarkable feature of the magnetoresistance alters signi cantly the conventional theory of galvanomagnetic e ects which was developed for boundless media 2 and conducting channels. 3 
II. THE MAGNETORESISTANCE IN BOUNDED SEMICONDUCTORS
We shall assume that a semiconductor has the shape of a parallelepiped bounded by the x = a, y = c and z = b planes and the x = a planes have the current contacts, while the magnetic eld is directed along the y-axis. For this problem the geometry clearly is two-dimensional (all the quantities only depend on x and z). The electron temperature distribution and electrostatic potential in the sample can be found as a function of the coordinates and magnetic eld from the thermal balance equation, 3 which in its turn can be derived from the Boltzman transport equation 6 and the continuity equation. At steady-state conditions, the electric current density j is described by the following expression: I 20 E ? eI 21 r lnT e h; (1) and the continuity and thermal balance equations are: r j = 0; r Q = j E ? P 0 (T e ? T 0 ):
Here the heat ux is given by Q = eI 11 E ? I 12 r ln T e + (eI 21 E ? I 22 r ln T e ) h:
Assuming that the electron gas is nondegenerate (Maxwell statistics) the electron density with a quadratic and isotropic energy-momentum relation " = p and the e ective electric eld E is given by the following expression E = E ? T e e r T e = ?r' + 3 2e rT e ;
where ' is the electrostatic potential, denotes the chemical potential, h = B=B, the parameter P 0 describes the rate of the bulk energy relaxation, T 0 is the temperature of the phonon system dependent of the experimental conditions (T ph = T 0 ), and
The dependence of the relaxation time on the energy is de ned by the expression:
The values of q for various momentum dissipation are given in Ref. 6 . The integral over the domain of " in the above equation depends on the electron temperature. The average value for the current density over the cross section of the semiconductor signi cant for the magnetoresistance is given by j x = 1 2b
The expression for j x (x; z) can be obtained from Eq. (1) with appropriate boundary conditions. For the current density at the contacts we can formulate the following boundary condition:
'j x= a = ' 2 ;
where ' is the di erence potential applied to the sample ( eld regime). In addition, it is natural to choose j z = 0 at z = b, which means that there is not any contacts along the Hall eld. With these approximations and in the limit of weak magnetic eld , Eq. (3) where ?(x) is the Gamma function. Now we consider the e ect of the redistribution of carriers according to their energies across the sample (Ettingshausen e ect) on the magnetoresistance in bounded semiconductors. Assuming that the electric and the magnetic elds are weak so that nonlinear efects (Joule heating) are negligable in Eq. (2) we can write the continuity and energy balance equations for the potential '(x; z) and the electron temperature T e (x; z), respectively in the sample as 
where k ?1 is the scale length of the electron-phonon energy interaction, referred to as cooling length. 8 It is de ned as k 2 = P 0 = and is the thermal conductivity of the sample. The thermal balance equation Eq. (2), has to be also supplemented by boundary conditions describing the absorption of the carrier energy at the surface of the sample (z = b). These conditions can be written in the form 3;6 Q z j z= b = (T e ? T 0 )j z= b ; (8) where the parameters > 0 represent the inelastic scattering of electrons at the boundaries, = 0 correspond to the absence of surface mechanisms and in nite means a good thermal conductivity through the surface. We shall consider this latter boundary condition for the electron temperature at the contacts i.e.
T e j x= a = T 0 : (9) Under these assumptions, the potential and the temperature distributions satisfy the following equations at the surface of the sample where j z j z= b = 0; Assuming ' to be small, we naturally seek solutions of the Eqs. (6) and (7) in the form
in which, obviously, T 0 is independent of '. The quadratic correction to the potential and electron temperature with respect to the magnetic eld is the important contribution to the magnetoresistance. Substituting Eqs. (12) into Eqs. (6) and (7), for the linear approximation in ' and zeroth approximation with respect to the magnetic eld, we nd the well known expressions for the potential and the electric eld: 
indeed, with the conditions (5), (9), (10) and (11) Combining Eqs. (14) and (15), we nd the correction for the electron temperature distribution and the potential to rst order approximation with respect to the magnetic eld 
Moving on to the calculations of the coe cients ' 2 (x; z) and T 2 (x; z), we begin with the explicit equations which determine these quantities: they satisfy a similar expressions that Eqs. (14) and from the boundary conditions at z = b on j z (x; z) and Q z (x; z) and at x = a on T 2 and ' 2 
After some tedious but straightforward algebra, the general expression for T 2 and ' 2 are given by T 2 (x; z) = We are now in a position to consider the in uence of the redistribution of carriers according with their energy on the magnetoresistance of the samples (Ettingshausen e ect). As mention before, this e ect is due to the heating and cooling of the oposite surfaces of a sample by carriers. Substitution of these results into Eq. (1) it is possible to write the x component to the current density in second order to the magnetic eld 
It is worth to mention that in the latter expression the rst and second terms represent the contribution to the magnetoresistance in the conventional theory (physical and geometry parts). The contribution to the magnetoresistance of the term proportional to @' 2 =@x was descussed in Ref. is a factor including size e ects associated with the magnetoresistance due to the Ettingshausen e ect. In arrived to expression (21), the following identities were used see Eq. 
By comparing Eqs. (22) and (24) we can see that for a nite sample in all directions > for all q and the geometrical part of the magnetoresistance 5 changes of sign. It follows from Eq. (21) that in contrast with the case described by Eq. (23) the magnetoresistance is not weak in the limit k b ! 0 in fact it strengthens. We also note that if q = 0, not only the magnetoresistance disappears in the standard model, but also the size e ect vanishes. In this case we obtain the same result as in Ref. 1 . However, in the present theory, the current density still conserves the in uence of the magnetic eld since 6 = 0 but is independent of the size of the sample in the z-direction in this limit. This is due to the fact that the contribution of the eld E (2) x = ?@' 2 =@x / '(! H 0 ) 2 and the electron temperature distribution through the term proportional to @T 2 =@x are taken into account in j x . This terms usually neglected in the standard theory of galvanomagnetic e ects in in nite semiconductors, are the responsible ones of the change of the signs. The reason why the magnetoresistanse in bulk semiconductor is di erent from the standard theory comes from the behaviour of the potential ' 2 and temperature T 2 near the contacts, where a ? jxj b. 
III. CONCLUSIONS
We have studied magnetoresistance in bulk semiconductors. In our model the di erence potential has been taking into account at the contacts as a more realistic boundary condition instead of a xed electric eld between the contacts. In this case the x-component of electric eld and the electron temperature depend strongly in second order on the magnetic eld.
In contrast with the standard theory of magnetoresistance in this model magnetoresistance is not zero when the relaxation time is independent of the energy. In the genereal case when q 6 = 0 in addition it is necessary to consider the electron temperature distribution di erent from the phonon temperature, otherwise magnetoresistance is absent in the sample and solution of electric potential is not found.
Our results are consistent, on the other hand, with the experimental results obtained on magnetoresistance in alkali metals 9;10 in which in general the relaxation time is energy independent and dispersion low is isotropic.
Finnaly, we make the following observation. Clearly due to the dependences of the electron temperature and potential on the coordinates, the z-component of the current density olso depends strongly in rst and second orders in the magnetic eld, as consequence a vortex current density appears into the sample similar as in Ref. 4 .
